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1571 ABSTRACT

A transconductance amplifier for emitting an output
current that is a replica of a input voltage has its accu-
racy enhanced by a current comparator having a first

- magnetic core, a second magnetic core, a pair of ratio

windings electromagnetically coupled with both the
cores, and a detection winding electromagnetically
coupled with the first core but not with the second core.
A first of the ratio windings is connected in series with
the output current of the transconductance amplifier. A
high value resistor is connected in series with the sec-
ond of the ratio windings across the input voltage of the
transconductance amplifier whereby the current in the
second ratio winding accurately reproduces the wave-
form of the input voltage. A further amplifier has its
input connected to the detection winding. The output of
this amplifier is so connected as to add a correcting
current to the output current of the transconductance
amplifier and thus provide the necessary accuracy en-

hancement. “

11 Claims, 3 Drawing Sheets
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TRANSCONDUCTANCE AMPLIFIER WITH
TRANSFORMER COUPLED FORWARD FEED

FIELD OF THE INVENTION

- The invention relates to a transconductance ampli-

fier, or voltage-to-current converter, i.e. an amplifier
that delivers an output current that faithfully repro-
duces an input voltage. In the case of an A.C. input
voltage, the current Sutput is a replica of the input
waveform, as well as reproducing any changes in mag-
nitude. In the case of a D.C. input voltage, the output
current will faithfully follow the magnitude of the input
voltage.

PRIOR ART

Transconductance amplifiers are known. The desired
replica effect is traditionally achieved by means of a low
resistance shunt in the output circuit, the voltage drop
across this shunt being used to control a feedback loop
to the input of the amplifier. Examples of circuits oper-
ating in accordance with this principle are illustrated as
prior art circuits in FIGS. 1-4 of U.S. Pat. No. 4,451,779
- 1ssued May 29, 1984 to J. P. Griep.

However, especially when large currents are in-
volved, there are difficulties in constructing a shunt that
has sufficient magnitude stability and a sufficiently low
phase angle error. It should be noted that, when such a
transconductance amplifier is used for measurement
purposes, e.g. the calibration of precision instruments
such as ammeters, wattmeters and the like, an accuracy
of only a few parts per million is desired. It is difficult to
ensure the stability of the feedback loop to this high
level of accuracy. |

SUMMARY OF THE INVENTION

The object of the present invention is to overcome
these difficulties and provide a transconductance ampli-
fier with means for enhancing the accuracy of its cur-
rent replica output. . - :

The various features of the invention will be apparent
from the following specific description of embodiments
thereof, which are provided by way of example only.

BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1 shows a first circuit illustrating an embodi-
ment of the invention for use with an A.C. input volt-
age;

FI1G. 2 shows a second circuit illustrating an embodi-
ment of the invention for use with a D.C. input voltage;
and | |

F1G. 3 shows a range extender circuit for use with
FIG. 1. |

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

FIG. 1 shows a standard transconductance amplifier

V1 that is assumed to contain a conventional, shunt-con-
trolled, feedback loop (not shown), as explained above,
but which nevertheless has an accuracy that is insuffi-
cient for the intended purpose.

The remainder of the circuit of FIG. 1 constitutes
accuracy enhancement means provided to increase the
accuracy to the required level. The A.C. input voltage
V 1s applied to the amplifier VI from a terminal 1, and
the replica output current I flows in a load L. Terminal
2 represents the grounded return.
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2

A current comparator CC has two magnetic cores Cl
and C2. While these cores can be located side-by-side,
as shown in FIG. 3 of U.S. Pat. No. 3,534,247 issued
Oct. 13, 1970 to P. N. Miljanic, it is preferred to employ
a configuration in which the core C2 is a hollow toroid
that encloses and shields the core C1, as shown in FIG..
4 of such prior patent. Such a device is described in
more detail 1n U.S. Pat. No. 3,153,758 issued Oct. 20,
1964 to N. L. Kusters et al.

The outer core C2 couples electromagnetically with
two windings that are outside it, namely ratio winding
NR and NX, but does not couple electromagnetically
with two windings, namely a compensation winding
NR' and a detection winding ND, that are wound on
the core C1 inside the core C2. The inner core C1 cou-
ples electromagnetically with all the windings. The
ratio winding NR is connected across the input voltage
V in series with a high resistance value, highly accurate

resistor R. The compensation winding NR' is connected

in parallel with the ratio winding NR and is ganged to
it (broken lines). The current that flows in the compen-
sation winding NR' will typically be two or three or-
ders of magnitude smaller than the current that flows in
the ratio winding. The function of the compensation
winding NR’ is to reduce the influence of the impe-
dance of the winding NR.

The detection winding ND senses any ampere turn
imbalance in the ratio and compensation windings NR,
NR’, NX due to a discrepancy between the waveform
of the input voltage and the waveform of the current
that flows in the ratio winding NX. The winding ND is
connected across input terminals 3, 4 of an amplifier Al,
the output 5, 6 of which provides a voltage proportional
to the error current in the detection winding ND. This
voltage together with a resistor r then provides a cor-
rection current Ic that is injected into the load current
at point P. The amplifier A1 and its associate circuitry
thus constitute a first current source that is referred to
as a first correction circuit M1.

A second amplifier A2 of a second current source or
correction circuit M2 adds additional current at point P
to compensate for the fact that point P may not be
exactly at ground potential. More specifically, input
terminals 7, 8 of the amplifier A2 are connected be-
tween the point P and a center point 9 of a pair of series-
connected resistors r2' and r2 whose resistance values
bear a predetermined ratio n to each other, such series
connection of resistors being connected in a circuit
extending from the point P to ground. This second
correction circuit M2 serves to generate a voltage
(n+1)VP across the output terminals 10, 11 of the am-
plifier A2, where VP is the voltage at point P. This
voltage (n+1)VP injects a further,correction current
Ic’ at point P through a resistor r’, where the resistance
values r'/r=r2'/r2=n. Hence the relatively innacurate
current replica flowing out of the transconductance
amplifier V1 is corrected by the correction currents Ic
afnd Ic’ to provide a highly accurate current I through
the load L.

Depending upon the level of accuracy demanded, the
correction circuit M2 can be omitted.

On the other hand, if the reduction of the influence of
the impedance of the ratio winding NR afforded by the
compensation winding NR’ is found insufficient, a still
further correction circuit M3 can be used. This circuit
will employ an amplifier A3 that is connected in a cir-
cuit that functions similarly to the correction circuit
M2, and 1s connected to the junction point 12 between
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the resistor R and the windings NR and NR'. Here the

resistance values will be r3'/r3=R'/R.

It should be noted that the arrangement is not re-
stricted to sinusoidal waveforms, but can be used with
distorted waveforms as well.

FIG. 2 shows an arrangement designed to function
with a D.C, input voltage V. The ratio winding NR
now forms part of a D.C. current comparator CC’ that
has an outer core C2 and two inner cores C1 and C1'.
These inner cores are a pair of side-by-side cores, each
toroidal and each formed of high-permeability magnetic
material. The second ratio winding NX remains in the
current output, and there is now a pair of detection
windings ND and ND’, each wound on a respective one
of the cores C1 and C1'. The windings ND and ND' are
energised by a modulator MM and are connected in
parallel to a demodulator D. This arrangement consti-
tutes an ampere turn detector, and provides the input to
an amplifier A4. A deviation or “balancing” winding
NY is connected between the output of the amplifier A4
and the point P and provide a correction current Ic.

The theory of operation of such a direct current com-
parator is explained in a paper of N. L. Kusters et al
entitled “A Current Comparator for the Precision Mea-
surement of D-C Ratios” published in Communication
and Electronics, January 1964, and in a paper of M. P.
MacMartin et al entitled “A Seif-Balancing Direct Cur-
rent Comparator for 20 000 Amperes” published in
IEEE Transactions on Magnetics, December 1965,
pages 396 to 402.

The transconductance S (in Siemens) of a transcon-
ductance amplifier is expressed as the amperes out di-
vided by the volts in. Hence, if in FIG. 1 V equals 5
volts for example, and I equals 5 amps, the transcon-
ductance would be unity. In the arrangement of FIG. 1,
1t 1s impractical to achieve a transconductance of more
than about unity, because to do so would require a value
of R that is too low for accuracy, and would also re-
quire too large a number of turns on the winding NR.

However, there are some practical applications in

which a substantially higher transconductance is re-
quired, for example, an output of say 100 amps for an
input of 5 volts.

FIG. 3 demonstrates how this result can be achieved
without sacrifice of accuracy. In this figure, VI’ is as-
sumed to be the circuit of FIG. 1, i.e. an accurate trans-
conductance amplifier according to the present inven-
tion with a transconductance of, say, unity, the output I
of this amplifier VI’ flowing in a winding NR’ of a
current comparator CC"” generally similar to the com-
parator CC. Reference numeral VI" represents a con-
ventional transconductance amplifier, i.e. one without
the benefit of the improved accuracy of the present
invention, but one that can achieve a much higher trans-
conductance, e.g. 20 Siemens. Hence, if V equals 5
volts, I' could be 5 amps and I" could be 100 amps. The
output I” flows in a winding NX' of the comparator
CC". The ampere turns imbalance is detected in parallel
connected detection windings ND1 and ND2 which act
with an amplifier AS as in FIG. 1 to inject a correction
current Ic” into the load current, the winding ND1
coupling with both the cores of the comparator and the
winding ND2 coupling with only the inner core.
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If the system is a D.C. one, i.e. if VI’ is the circuit of 65

FIG. 2, the same result can be achieved by using a D.C.
comparator such as the comparator CC’ instead of the
comparator CC".

4

All the amplifiers in FIGS. 1 to 3 will be furnished
with separate power supplies (not shown).

I claim:

1. The combination of a transconductance amplifier
for emitting an output current to a load that is a replica
of an input voltage, and means for enhancing the accu-
racy of such replica, said enhancing means comprising:

(a) a current comparator comprising
(1) first magnetic core means,

(1) second magnetic core means,

(11) a pair of ratio windings electro-magnetically
coupled with both said core means, and

(1v) detection winding means electro-magnetically
coupled with the first core means but not with
the second core means,

(b) means connecting a first of said ratio windings in
series with the output current of the transconduct-
ance amplifiet,

(c) a resistor connected to the second of said ratio
windings to form a first series circuit,

(d) means connecting such first series circuit across
the input voltage of the transconductance amplifier
whereby the current in said second ratio winding
accurately reproduces the waveform of said input
voltage, and

(e) a current source for injecting into the output cur-
rent of the transconductance amplifier a current
proportional to an error current in the detection
winding means.

2. The combination of claim 1, wherein said current

source comprises

(f) amplifying means having an input and an output,

(g) means cannecting the input of the amplifier means
to the detection winding means, and

(h) means connecting the output of the amplifier
means to add a correcting current to the output
current of the transconductance amplifier.

3. The combination of claim 2, wherein the input
voltage i1s an A.C. voltage and the output current of the
transconductance amplifier is an A.C. current that is a
replica of the waveform of the A.C. input voltage,
wherein the means (h) connecting the output of the
amplifier means to the load includes a further resistor.

4. The combination of claim 2, wherein the input
voltage is a D.C. voltage and the output current of the
transconductance amplifier is a D.C. current that repro-
duces the magnitude of the D.C. input voltage, wherein
the means (h) connecting the output of the amplifier
means to the load comprise a deviation winding electro-
magnetically coupled with both the core means.

3. The combination of claim 4, wherein said first core
means comprises a pair of first cores, and the detection
winding means comprises a pair of detection windings
electromagnetically coupled each with a respective one
of said first cores, the means (g) connecting the input of
the amplifier means to the detection winding means
comprising an ampere turn detection circuit. |

6. The combination of a transconductance amplifier
for emitting an A.C. output current to a load that is a
replica of the waveform of an A.C. input voltage, and
means for enhancing the accuracy of such replica, said
means comprising:

(a) a current comparator comprising

(1) a first magnetic core,

(11) a second magnetic core,

(i11) a pair of ratio windings electro-magnetically
coupled with both said cores,
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(iv) a detection winding electromagnetically cou-
pled with the first core but not with the second
core, ' | |

(b) means connecting a first of said ratio windings in
series with the output current of the transconduct-
ance amplifier, ’

(c) a resistor connected to the second of said ratio
windings to form a first series circuit,

(d) means connecting such first series circuit across
the input voltage of the transconductance amplifier
whereby the current in said second ratio winding
accurately reproduces the waveform of said input
voltage, and

-(e) a current source for injecting into the output cur-
rent of the transconductance amplifier a current
proportional to an error current in the detection
winding.

7. The combination of claim 6, wherein said current

source comprises

(f) a second amplifier having an input and an output,

~ (g) means connecting the input of the second ampli-
~ fier to the detection winding, and

(h) means connecting the output of the second ampli-
fier to add a correction current to the output cur-
rent of the transconductance ampilifier.

8. The combination of claim 7, including

(1) a third amplifier having an input and an output,

(3) a pair of series-connected resistors forming a sec-
ond series circuit connected across the load,

(k) means connecting the input of the third amplifier
to a junction point between said pair of resistors,
and |

(1) means connecting the output of the third amplifier
to add a further correction current to the output
current of the transconductance amplifier.

9. The combination of claim 6, including

(f) a compensating winding electromagneticaily cou-
pled with the first core but not with the second

- core, |

(g) means connecting the compensating winding in

parallel with said second ratio winding to compen-
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6
sate for the impedance of said second ratio wind-
ing.

- 10. The combination of claim 9, including

(h) a second amplifier having an input and an output;

(1) a pair of series-connected resistors forming a sec-
ond series circuit,

(J) means connecting the input of the fourth amplifier
between a junction point between said further pair
of resistors and a junction point in said first series
circuit between the first resistor and the second
ratio winding, and |

(k) means connecting the output of the fourth ampli-
fier across said fourth series circuit.

11. The combination of claim 1, further combined

with

(f) a second transconductance amplifier having a
higher transconductance than the accuracy-
enhanced transconductance amplifier,

(g) a further current comparator comprising
(1) first magnetic core means,

(11) second magnetic core means,
(i) a pair of ratio windings electro-magnetically
coupled with both said core means,

(iv) first detection winding means electro-magneti-
cally coupled with both said core means, and
(v) second detection winding means electro-mag-

netically coupled with the first core means but
not with the second core means and connected in
parallel with the first detection winding means,

(h) means connecting a first of said ratio windings of
the further current comparator in series with the
output current of the accuracy-enhanced transcon-
ductance amplifier,

(1) means connecting a second of said ratio windings
of the further current comparator in series with the
output current of the second transconductance
amplifier, and

(J) a current source for injecting into the output cur-
rent of the second transconductance amplifier a
current proportional to error currents in the detec-
tion winding means of the further current compara-

tor.
* %k k¥ %
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